Introduction
Electromyography (EMG) is a significant indicator of muscle activity and constitutes a fundamental and important tool in the fields of biomechanics, kinesiology and exercise physiology. Clinically, it serves for diagnosis and treatment monitoring. However, the raw signal obtained from the EMG of a muscle is difficult to interpret without the application of appropriate signal processing techniques. If processed in the time domain, the envelope of the rectified EMG signal may serve, with further processing, for several applications including: indication of muscle activity (Rakos et al, 1999) , or estimation of force (Genadry et al, 1988) . If processed in the frequency domain, EMG may point to the development of muscle fatigue (De Luca, 1997; Mizrahi et al, 2001 ). The electromyographic signal may also be used as a bio-control signal in conjunction with bio-assistive motion (Langzam et al 2006a (Langzam et al , 2007 Mizrahi et al 1994; Peasgood et al, 2000; Saxena et al 1995; Thorsen et al, 1999) . This Chapter deals with the role of electromyography in facilitating the biomechanical solutions of musculo-skeletal systems characterized by neuro-muscular indeterminacies.
Neuro-muscular redundancy and mechanical indeterminacy
A major and interesting question in human biomechanics and kinesiology is how many muscles are required for performing a given motor task? Not less intriguing is the question relating to the number of muscles actually engaged in performing this given motor task. Past work on human locomotion has demonstrated that, if we take level walking as an example, no less than 31 muscle groups are engaged in each leg. Electromyograms of the major muscles of the leg during locomotion have been used to show the sequence of muscle activation in the gait cycles (Bechtol 1975; Mizrahi 2004) . The multi-muscle performance of the walking task involves patterns of timings and intensities necessitating central control to be provided by the central nervous system. For instance, the knee and ankle extensors must 'switch-on' their activity near heel-strike, and remain partly active in the mid-stance and swing phases, and much less so in the other phases of the gait cycle. It is the multi-muscle sequencing of this large-scale system that provides the smooth, graceful, motion of walking. In analogy, somewhat similar sequencing can be found in an orchestral score of a multiinstrument musical composition, such as a symphony or opera, assigning the temporal roles 4 of the different musical instruments (Mizrahi, 2004) . Here too, there is a need for a central control which in this case is provided by the orchestra's conductor. It may be argued, though, that the involvement of all the muscles in the abovementioned walking task is not essential and that the locomotor system is neuro-muscularly redundant, with substantially more acting muscle groups than actually required. Mechanically, the consequence of this redundancy is that the number of unknown internal joint and muscle forces exceeds the number of mechanical equations, rendering the system mechanically indeterminate. The origin of the abovementioned neuro-muscular redundancy can be found in the descending pathways from the central nervous system to the peripheral nervous system. As a matter of fact, there exist multiple pathways for the performance of a given motor task such that the same information may be processed in different ways. Thus, a given central command may result in different activations and, conversely, different commands can result in the same activation. A trivial example is presented in Figure 1 , illustrating how a torque of required intensity at a joint can be provided. It is evident that this torque can be produced in an infinite number of ways, involving the possible co-activation of the antagonist muscles with various contraction intensities. From the purely mechanical aspect, such co-activation is actually undesirable because it results in an increased net joint force. Nevertheless, coactivation is physiologically beneficial because it facilitates stability and controllability of posture and motion. In summary, indeterminacy occurs wherever the number of unknowns exceeds the number of available biomechanical equations. Indeterminacy is associated with a multitude of possible solutions of the available system of equations. Conventional methods of addressing mechanical indeterminacy usually refer to the implementation of optimization criteria (Patriarco et al, 1981) providing supplementary equations that allow eliminating inadequate solutions. The level of indeterminacy is expected to decrease with the reduction of redundancy. Particularly here information from electromyograms may become instrumental in resolving muscle and joint forces as well as other unknowns from the musculo-skeletal mechanical equations. 
Circumstances where neuro-muscular redundancy may diminish
Neuro-muscular redundancy may get reduced under several circumstances, including the following: (a) Grouping together of neighboring muscles which share a cooperative action about a joint, referred to as Muscle Synergy. An example of muscle synergy can be seen in cycling motion, as shown in Figure 2 , where the sequence of muscle activation of four of the major muscle groups of the lower leg is shown by means of their raw Electromyograms. Cycling motion has been acknowledged as a significant rehabilitation modality for neurologically impaired subjects (Peng et al, 2011) . The sequence of muscle action, as well as the patterns of the timings and intensities of the muscles is clearly noticed. Cycling is a smaller-scale motion-system compared to walking and the musical analogy can be demonstrated here by the score of one of Mozart's string quartets, indicating the assignment of the temporal roles of each of the four string instruments (Figure 2 ). The role of electromyograms in resolving joint dynamics in the context of muscle synergy is elaborated in Section 4. (b) Reducing redundancy through the volitional, deliberate, and selective exclusion of part of the musculo-skeletal system from being actively involved in the mechanical task. An example of the intentional abstention to utilize part of the body structures or actuators is noticed when standing on one leg only (as compared to two). This issue is further elaborated in Section 5.
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(d) Long-term, or permanent, neuro-musculo-skeletal deficiency, such as weakness, paralysis and the like. In the extreme case of paraplegia, when the fully paralyzed quadriceps muscle is activated by external electrical stimulation, this muscle becomes under conditions of low spasticity the only active muscle in the lower limb. Under these conditions redundancy is entirely eliminated and, consequently, the musculo-mechanical system becomes determinate allowing us to resolve the actual muscle force from the externally measured torque (Giat et al, 1993) . However, in case of partial deficiency, although not entirely eliminated, redundancy becomes reduced. The issue of partial deficiency is elaborated in Section 6.
Muscle synergy
Under what conditions can one possibly correlate the torque about a joint, as indicated by the electromyograms of the actuating muscles, with the kinematics of that joint? This question was specifically dealt with by Russek (2002) in the Lab of the present author. The work focused on the utilization of the myoelectric signals from the Gastrocnemius and Tibialis Anterior antagonists to estimate ankle kinematics. These specific muscles were previously reported to adequately serve for the prediction of ankle torque (Cavanagh, 1990; Prilutsky et al 1998) .
The paradigm used by Russek (2002) .was of running on a level treadmill for a total period of 30 min at a running speed just exceeding the anaerobic threshold (average ~ 3.5 m/s). EMG data of the Tibialis Anterior and Gastrocnemius muscles were online collected, simultaneously with the kinematics of the lower limb, as obtained from video data. The above-selected values of running speed and duration allowed, in addition, monitoring the effect of progressing fatigue on the EMG/kinematics relations. The EMG signals were bandpass filtered with a 10 th order Butterworth filter with a cut-off frequency of 10-500 Hz (De Luca 1997; Oppenheim & Schafer 1975) , in order to eliminate noise and artifacts, due to leg movement and muscle contraction, and sampled at 1667 Hz. Since the EMG signal was nonstationary during long periods of data, it was segmented into short epochs of widestationary cycles (Bendat & Piersol, 1970) , corresponding to the running cycle. The foot-strike event points were obtained from the signals of an accelerometer attached at the tibial tuberosity of the running subjects. Since the exact timing of the foot strike point could not be estimated directly from the video data due to its low sampling rate (50 Hz), the accelerometer signal was taken to indicate the peak of the foot strike. The foot-strike point was set to precede the peak acceleration by 30 ms (Daily, 1998) . The toe-off event points were obtained from the repetitive Gastrocnemius signal, using an algorithm that identifies the periods of muscular activity (Marple-Horvat & Gilbey, 1992) . The kinematic data were smoothed with a 4 th order Butterworth low-pass filter with a cut frequency of 10 Hz (Bourdin et al, 1995; Prilutsky et al, 1998) . To address the problem of different sampling frequencies between EMG and kinematical data, low-pass interpolation was used by inserting zeros into the original sequence and then applying a special symmetric Finite Impulse Response low-pass filter (IEEE, 1979) .
Analysis
The analysis presented is for general dynamic conditions, thus extending previous analyses done under either isokinetic or isotonic conditions (Colson et al, 1999 Tamaki et al 1997,) . The foot segment is assumed to move under general plane motion in the sagittal plane. The moments about the center of gravity thus involve the reaction forces at the ankle joint and the foot-ground contact, as well as the net joint torque about the ankle due to the co-contraction of the Tibialis Anterior and Gastrocnemius muscles. At first, a proportionality relation between the net actuating ankle torque and the angular acceleration of the foot segment is sought. This may, however, involve an error, reflecting the absence of torques of the reactive forces; this error will be later dealt with. Since the torques of the muscles can be represented by their respective EMG signals, the proportionality relation will, after time-integration, read as follows: Where iEMG denotes the integrated EMG, with the subscript denoting the Gastrocnemius (G) or Tibialis Anterior (T) muscle, A  is the change of angular velocity of the foot segment and the K's are respective coefficients. The proportionality (1) can be turned into an equation by modifying these coefficients as follows:
Since the EMG signals of the Tibialis Anterior and Gastrocnemius muscles, as well as the angular velocity, are actually measured (as demonstrated in Figure 3 ), the coefficientsK 's in equation (2) 
m=1, 2..,number of running cycles during the time of data acquisition. The earlier mentioned error e is
And the sum of the residual square is expressed as:
Using least-square methods, the vector K can be calculated. It is convenient to express the separate coefficients as the respective co-activation ratios, as follows:
Substantial changes in the EMG signals take place within each running cycle. To account for these changes, the analysis was divided into segments. Previous studies used to divide the EMG signal into stance and swing phase of the entire stride cycle (Buczek & Cavanagh, 1990; Nilsson et al, 1985; Prilutsky et al, 1998) . In view of the observed changes in muscular activity of both the Gastrocnemius and the Tibialis Anterior within the stance phase, it was decided to further divide the stance phase into two segments (corresponding to eccentric and concentric activities, respectively) giving altogether three segments for the running cycle. The weight coefficients ˆG K and ˆT K were estimated as indicators of muscular activity of the Gastrocnemius and Tibialis Anterior, respectively. Especially, they served as cocontraction indicators in the first part of the stance phase.
Coefficients of muscle activity and change in angular velocity
The estimation values, summarized in Table 1 , indicate that in the first-stance section coactivation of the Gastrocnemius and Tibialis Anterior muscles prevails (57% and 43%, respectively). In the second-stance section the Gastrocnemius muscle becomes clearly dominant (79%, versus 21% for the T muscle) and in the swing section the opposite is seen, with nearly 90% for the Tibialis Anterior muscle and 10% for the Gastrocnemius muscle. It Table 1 . Summary of the estimated weight coefficients ˆG K and ˆT K * (expressed in %) for the three phases of the running cycle and for the 1 st , 15 th and 30 th min of level running. Means (SD) are given. Double asterisks (**) denote a significant difference compared to the first minute of running (p < 0.05) as a result of fatigue.
The high Gastrocnemius muscular activity in the second part of the stance phase was accompanied by an elevated plantar-flexion, as the ankle joint decelerated until the final part of the second stance section, indicating a rapid generation of energy to propel the limb upward and forward (Winter & Scott, 1991) . The significant increase in the Tibialis Anterior muscle activity during the swing phase is required for ankle dorsiflexion as this joint begins to accelerate. Later in the swing phase the Tibialis Anterior supports the foot against gravity and prepares for the heel contact. Using the obtained EMG weight coefficients, the change in angular velocity A  was calculated and compared to that actually measured. The results of this comparison indicated that the two quantities were closely similar with a proximity coefficient (using Pearson correlation) of 0.998 and up for each of the three cycle sections.
Fatiguing effect
Following fatiguing after 30 min of running at a speed exceeding the anaerobic threshold, the coefficient ˆG n K increased in the stance phase and decreased in the swing phase, although this change was significant (p<0.05) in the first-stance (eccentric) phase only. The effect of fatiguing was thus noticed in the first part of the stance phase, and as mentioned above; this phase is characterized by co-activation of the two antagonist muscles. However, due to progressing fatigue, there was a significant increase of the Gastrocnemius coefficient with a parallel decrease of the Tibialis Anterior coefficient from the first to the thirtieth minute of running (p = 0.024). The increasingly higher Gastrocnemius activity was required in order to change from dorsi-to plantar-flexion and to decelerate the angular ankle velocity.
Intentional reduction of redundancy
A fundamental difficulty in biomechanics is that the internal muscle and joint forces cannot be directly and non-invasively measured. More easily accessible measurements include the external loads and EMG's of the major limb muscles. However, as a consequence of the neuro-muscular redundancy and the resulting biomechanical indeterminacy, these EMG signals cannot be readily and simply correlated to the external loads acting on the human body. This Section demonstrates how, in cases where the neuro-muscular redundancy of the system can be reduced, the EMG signals may become more correlated to the externally measured reactive foot-ground forces. The paradigm used here is the regulation of balance during quiet standing in the upright position.
The regularly redundant case
Balance regulation while maintaining the standing-still posture is achieved by the interplay between body sway motion and the external forces acting on the swaying body. These include, apart from the gravitational force, the foot-ground reaction forces (Levin & Mizrahi 1996; Levin et al, 1998; Mizrahi et al, 2002; Mizrahi & Susak, 1982 ). Balance regulation is made possible by the continuous activity of the leg and lower trunk muscles. An obvious question, therefore, is whether the activity of these muscles, as monitored by their electromyograms (EMG), correlates to the external forces involved in the regulation of balance. If correlated, to what extent? An additional question is whether reduced redundancy modifies the extent of correlation and makes EMG and ground reaction forces become more correlated? With bi-pedal or double-stance standing as the reference posture, this question was studied by successively removing redundancies from the neuro-musculoskeletal system.
Successive reduction of neuro-muscular redundancies
The first stage is to substitute the normal pi-pedal or double-stance case by single-stance standing. In single-leg standing, the musculo-skeletal system responsible for postural control has been reported to be less redundant than in double-leg standing (Levin et al, 2000a) . In this posture, the standing body is acted upon by the reactive forces from one leg only and the task of balance regulation is performed by activation of the muscles of this leg, resulting in a smaller number of muscles actively engaged in stabilizing the standing posture. Further reduction of redundancy may be achieved by eliminating visual feedback, i.e. with the eyes closed, as opposed to eyes open. Standing posture experiments, as reported from the lab of the present Author (Levin & Mizrahi, 1996; Levin et al, 1998; Levin et al, 2000a; Suponitsky et al, 2008) , performed simultaneous on-line measurements of ground reaction forces and EMG's of the leg's major muscle groups for double-and single-stance standing. The double-stance standing experiments were for 30 s and the duration of the single-stance was for as long as the tested subject was able to maintain balance equilibrium. The acquired force-plate and raw EMG signals were de-trended to compensate for longterm drift and their DC levels were set to zero. Each signal vector was then divided into epochs of 1 s for which the root mean square were calculated. The 1-s root mean square and values of the myoelectric activity were correlated with the corresponding root mean square values of the force plate data, using the Pearson's correlation coefficient with the significance level set at p < 0.05. Differences between the standing positions were tested for the mean values of the force plate and EMG results by using the student's t-test (statistical significance set at the 0.05 level). The comparisons between double-and single-stance standing are demonstrated in Tables 2  & 3 which summarize, respectively, results for the foot-ground reactions forces and the myoelectric activity of the four major muscle groups. It is evident that in single-stance standing there is a substantial increase in force and muscle activity compared to doublestance standing. The reactive forces (Table 2) Table 3 . Like with the reactive forces, an increased muscle activity is noticed in single-stance compared to double-stance standing. Table 3 . EMG of the major leg muscles presented in Averages (SD) of the root mean square (RMS, time domain). The EMG RMS is expressed as percentage of the maximum voluntary contraction (%MVC). The asterisk *denotes significant differences (p < 0.05) between single stance and double stance.
RMS

Force/EMG correlations
Regarding the correlation between foot-ground reaction forces and muscle activity, Figure 4 displays a comparison of the occurrence of significant correlation between the foot-ground reaction forces and the EMG of three of the leg major muscles (both expressed by means of their root mean squares): Tibialis Anterior, Quadriceps and Gluteus Maximus. Each of these muscles is correlated with the foot-ground reaction forces and COP components, as indicated in the Figure. It is noticed that the correlation patterns between foot-ground reaction forces and EMG strongly depend on the standing conditions tested. Particularly, in single-stance with the eyes closed the occurrence of significant correlation is increased compared to the other conditions between the Tibialis Anterior and each of the vertical and medial-lateral force components and between each of the Quadriceps and Gluteus Maximus and the vertical force component. With regards to the center of pressure, the occurrence of significant correlation in single-stance with the eyes closed is increased compared to the other conditions between the Tibialis Anterior and the medial-lateral component and between the Quadriceps and each of the anterior-posterior and medial-lateral components. This suggests that in single-stance standing there is a stronger degree of synchronization between muscle activity and the external force.
The results thus indicate that in 2-leg standing EMG and foot-ground reaction forces signals correlate with each other to a very low extent, whereas under conditions of lower redundancy EMG & foot-ground reaction forces signals become more correlated together. It should be reminded, though, that the three ankle muscles treated here are not the sole actuators of postural sway. Posture models have dealt with both the ankle and hip joints, each as a two degree-of-freedom joint, thus presenting multi-joint, multi-actuator models. The models were represented by closed-chain and open-chain models for double Mizrahi 1996, Levin et al 1998) and single-stance standing (Mizrahi et al 2002) , respectively. On the other hand, the correlation between the medio-lateral component of the reaction force and the activity of the three shank muscles is higher than the correlation between the anterior-posterior component of the reaction force and the activity of these muscles. This can be explained by the higher postural sway in the medial-lateral direction compared to the anterior-posterior direction ( 
DS-EO
SS-EO SS-EC
DS-EO
SS-EO SS-EC
Effect of fatiguing of the shank muscles on single-leg-standing balance
Redundancy can be further reduced by temporarily incapacitating part of the lower leg muscles, through fatiguing. The fatiguing effect on single-stance standing sway dynamics was studied by means of two single-stance standing trials, separated by a quasi-isotonic sustained effort intended to induce fatigue of the Tibialis Anterior and Peroneus muscles (Suponitsky et al, 2008) . In the standing trials the following quantities were on-line monitored: (a) force-plate data including ground reaction forces and center of pressure displacements to represent sway-related variables, and (b) EMG signals of the Tibialis Anterior, Peroneus and Gastrocnemius muscles, representing the muscular activity about the ankle joint. Fatiguing of the dorsi-flexors (Tibialis Anterior and Peroneus) was induced by means of suspending a dead weight of 100 N on the dorsal aspect through a strap. The sustained effort consisted of holding this weight for 240s, while aiming to steadily maintain the ankle angle at 90 degrees, resulting in a quasi-isometric effort. To facilitate tracking of the ankle angle a goniometer was used to provide on-line visual feedback to the tested subject. Force-plate and ankle angle data were low-pass filtered using an 8th order Butterworth digital filter with a cutoff frequency of 10 Hz. EMG data were filtered using a band-pass filter (5-500 Hz) with 8th order Butterworth digital filter. The traces were thereafter divided into equal segments and the root mean square of each segment was calculated and the obtained vectors were normalized by the total standing time. The obtained root mean square vectors were then interpolated by using cubic spline interpolation. To account for the individual variability in standing time, all vectors (EMG, Ground Reaction Forces and Center of Pressure displacements) were normalized by the total standing time and rescaled to the total number of points. The data collected during the standing trials were normalized as follows: EMG of the muscle signals by the respective maximal voluntary contractions of these muscles, reactive force data by the weight of the tested subject and center of pressure data by the subject's length or width of the foot, as appropriate. This allowed comparing the standing experiments among and between subjects, despite the differences in the standing duration. During the fatiguing protocol the data obtained from the Tibialis Anterior and Peroneus muscles and from the goniometer were divided into equal segments of 6 s duration. Root mean square of the EMG and of the goniometer data and mean power frequency of the power spectral density function of the EMG signal for every segment were calculated. Muscle fatigue was determined from the following three parameters: (a) inability to steadily keep the ankle angle in the 90 deg position, i.e., significant drift towards plantar-flexion of the ankle, (b) a significant increase of the EMG root mean square, and (c) a significant decrease of the EMG mean power frequency. The fatigue trend was determined by simple linear regression for the goniometer and EMG data versus time. The development of fatigue during the 240 s quasi-isometric effort is illustrated in Figure 5 for the Tibialis Anterior muscle. Linear regression of the root mean square of the EMG signal (time domain) and mean power frequency (frequency domain) indicate a statistically significant increase of EMG root mean square and decrease of EMG mean power frequency. Simple and multiple linear regressions with standard least-squares procedures were used to evaluate the fatigue effects on the relationship between the muscles EMG and the swayrelated parameters in the pre-and post-fatigue conditions. The results are presented in Table 4 : Pearson's correlation r, pre-and post-load conditions; synergistic activity of the Tibialis Anterior and Gastrocnemius muscles. As the result of fatigue, Muscle/Force correlation increased and became higher in the medial-lateral direction compared to the anterior-posterior direction. The simple linear regression slope between root mean square of the reaction forces and the root mean square of the EMG of three shank muscles changed from an insignificant value in the preloading single stance standing trial, to a statistically significant value (p < 0.05) in the post-loading standing trial. Multiple correlations in the post-load trials gave moderate and high correlation levels, respectively, between reaction force in the medial-lateral and each of the pairs Tibialis Anterior and Peroneus, and Peroneus and Gastrocnemius muscles with statistically significant slopes (p < 0.05). High correlation levels were also obtained between the anterior-posterior force component and each of the following muscle combination: Peroneus and Gastrocnemius, and Tibialis Anterior and Gastrocnemius, with significant slopes (p < 0.05). 
Hybrid activation for muscle force enhancement
Partial, or incomplete, deficiency
Partial muscle force deficiency may be caused by a variety of reasons including, among others, incomplete spinal cord injury, stroke, cerebral palsy, muscle atrophy and ageing. Temporary deficiency may be the result of muscle fatigue . With partial deficiency, muscles can still be volitionally activated, although the resulting muscle force may be considerably lower as compared to those of healthy conditions. 
The concept of hybrid activation
Electrical Stimulation (ES) of muscles is a well-known and common technique for the management of muscle force deficiency. While in complete paralysis muscle activation is the result of ES only, in incomplete paralysis muscle activation may generally result from the combined volitional and ES-induced activations. In these latter cases ES is being used for the enhancement of muscle force and for improvement of function and motion of human populations with muscle disabilities [Katz et al 2003 [Katz et al , 2008 Langzam et al, 2006a Langzam et al, , 2006b Langzam et al, , 2007 . This modality of muscle activation has been termed hybrid activation (Langzam et al, 2006b) , whereby the muscle force results from the combined volitional and electricallyinduced components. The mechanisms of hybrid activation are not clear. Although the components of this modality were separately investigated and reported, the physiological and mathematical patterns of this added effect are not entirely understood and the question of specific partition of the total muscle torque between these components is recently gaining increasing interest.
The partition of total torque into volitional and induced components
For one thing, hybrid activation can not be considered a simple summation of its components due to possible interactions between them. These interactions may be of the following types: (a) short-term, including reflex inhibition of the antagonistic muscles due to electrical stimulation of the agonistic muscles (Shoji et al, 2005) , catch-like effects (BinderMacleod et al, 2002) , and stimulus rate modulation (if synchronized with the volitional pulse trains); (b) medium-term effects that can last for minutes after the ES pulse train was stopped, e.g., increased twitch forces (Eom et al, 2002) , or enhanced cortico-spinal excitability (Thompson & Stein, 2004) ; (c) long-term changes following prolonged training involving strengthening of the muscle and remodulation of its fibers (Katz et al, 2003 (Katz et al, , 2008 .
Apart from the better understanding of the mechanisms of hybrid activation, a major question of practical nature thus relates to the partition between the volitional and induced torques, within the overall torque. On the practical level, knowledge about the torque components can be readily utilized for muscle contraction manipulation.
In the presence of ES alone, the muscle is known to exhibit a typical recruitment curve (Levy et al, 1990) , relating the stimulating current intensity to muscle force. However, when electrical stimulation is applied in addition to volitional activation of the muscle, the ESinduced component may not necessarily obey the recruitment curve displayed under ES alone. Thus, depending on the level of stimulation, the proportion between volitional and induced activations may vary. 
Past and recent works related to hybrid activation
Characterization of the sharing between the volitional and induced parts of activation has in the past been partly addressed. Early works evaluated the augmentation effect, though without addressing the hybrid operation mode of the muscle Pierce et al, 2004; Thorsen et al, 1999) . Additional studies focused on the facilitation of the volitional force due to the accumulated training effect with ES, but did not address the effect of facilitation during stimulation (Katz et al, 2003; Knash et al, 2003; Liron-Keshet et al, 2001; Thompson & Stein, 2004) . The more recent studies dealing with the actual hybrid modality of activation [Langzam et al, 2006a [Langzam et al, , 2006b [Langzam et al, , 2007 go well beyond the previous ones, where the volitional EMG is used solely as a bio-trigger for the external stimulator in a hybrid contraction system (Peasgood et al, 2000; Rakos et al, 1999; Thorsen et al, 1999 Thorsen et al, , 2002 . In those recent studies the myoelectric signal assumes a key role.
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The role of electromyograms in hybrid activation
In the recent studies dealing with hybrid activation [Langzam et al, 2006a [Langzam et al, , 2006b [Langzam et al, , 2007 , the tested subjects were requested to track in real-time a visually displayed torque-time profile by activating the Tibialis Anterior muscle through the application of a dorsi-flexion torque at the ankle. Tracking was made in two modes of activation: 1) purely volitional activation, for calibration and system identification of the volitional component, and 2) hybrid activation, where volitional and ES-induced activations took place simultaneously. The general features of the target torque that the subjects were required to track mimicked different activities the Tibialis Anterior torque, such as observed during human gait. While performing the task, the subject was asked to maintain the torque trace within displayed limits on the feedback screen in front of them. During tracking, the applied ankle torque and the EMG of the Tibialis Anterior muscle were on-line monitored.
The myoelectric signal assumes a major role in dissociating between the volitional and induced torque components. It should be emphasized, however, that apart from specially designed signal processing, signal acquisition necessitates appropriate apparatus and stimulus artifact elimination (Minzly et al, 1993a (Minzly et al, , 1993b . The monitored signals were thus processed using the procedure outlined in Figure 6 . The torque signals were first filtered (4th order Butterworth, cutoff frequency 100 Hz). For the EMG signals ( Figure 7 ) a combfilter was used to extract the volitional EMG from the overall raw EMG signals. A comb filter is a simple finite response filter, with adjustable parameters to match the stimulus frequency and to remove the ES component from the compound EMG signal. A more complete description of the filter is given elsewhere (Langzam et al 2006b; Thorsen et al 1999 The induced torque during hybrid activation was calculated as the difference between the total applied torque and the volitional torque. The obtained induced torque was then converted to current intensity by means of a pre-prepared recruitment calibration curve. This gave the equivalent current intensity, i.e., the intensity that would have produced the same torque during the muscle calibration process. The Facilitation Factor was defined as the ratio between this equivalent intensity and the actual current intensity during the hybrid activation experiment. Facilitation factor values can be greater than, equal, or smaller than one. When greater than one, this means that the equivalent current is greater than the actual stimulation current, therefore the produced induced torque is higher than expected. When the facilitation factor equals one, this means that both equivalent and actual currents are equal; therefore the expected induced torque is actually obtained, and that the electrical stimulation recruitment curve remains unchanged in hybrid compared to isolated stimulation. Facilitation factor lesser than one means that the equivalent current is lower than the actual stimulation current; therefore the produced induced torque is lower than expected. It should be noted that facilitation factors greater or smaller than one indicate that under the hybrid mode of activation, compared to the isolated conditions, changes in the actual stimulation recruitment curves take place. Figure 8 exhibits typical results of the Facilitation Factor. A power regression curve was used to mathematically describe the facilitation factor versus current intensity. Initially, the facilitation factor value starts off at the lower intensity values of 3-6 mA with values greater than unity. Following a gradual decrease, the facilitation factor crosses the unity value termed as unity-crossing which is in this case at the current intensity of 6.5 mA, after which the facilitation factor values become smaller than unity. From this intensity onward, the combined torque effect in hybrid activation is smaller than the algebraic sum of the volitional and the ES-induced, as would have obtained from the recruitment curve. A facilitation factor greater than unity in the lower current range, indicates that muscle force augmentation is cost-effective. Conversely, a facilitation factor smaller than unity at the higher range of current intensity, indicates that augmentation becomes less effective. The results presented in Figure 8 indicate that although the hybrid torque is a linear combination of its volitional and induced components, it is not the simple summation of these components when acting alone. Clearly, the existence of an ES intensity range where the induced torque is enhanced compared to its expected contribution is of practical significance. Summary of all tested subjects of Facilitation Factor versus ES intensity and of unity crossing is given in Table 5 . This summary confirms that the effectiveness of the electricallyinduced contribution in hybrid activation is highly dependent on the stimulation intensity. The facilitation factor parameter sheds light on the intensity ranges in which the effectiveness of the augmentation phenomenon is higher or lower. An increased effectiveness is indicated when torque augmentation exceeds the torque value resulting from the facilitation factor recruitment curve. Such a situation takes place at the lower intensity values.
Facilitation factor
Possible reasons for altered effectiveness of the activation components in Hybrid activation
Although the reasons for the changed effectiveness of the electrical activation are not clear, several possibilities can be suggested. Table 5 . Summary for tested subjects of Facilitation Factor (defined in Fig. 6 ) versus stimulation intensity (mA), and of unity crossing.
(a) Mechanical redundancy of the musculo-skeletal system that enables the body to generate a given torque by several different activation patterns.
(b) Lack of specificity of the transcutaneous stimulation technique that may result in possible additional activation of nearby muscles to the Tibialis Anterior muscle itself or coactivation of the antagonistic muscles (Levin et al, 2000b) . (c) Recruitment pattern of an excited muscle that suggests that when both volitional and induced excitations act on the same part of the muscle, the fibers will respond to one excitation only. In hybrid activation mode, part of the muscle fibers may become inactive. Thus, during simultaneous excitation, the torque generated is expected to be lower than the summation of torques obtained when each excitation is performed alone, as there might be a disruption of the volitional excitation of some fibers by the presence of ES. Thus, the excitation preference may well be re-directed in hybrid activation. Besides, the effectiveness of the induced ES contribution is highly dependent on stimulation intensity. A counteracting effect may be facilitation of volitional activation, due to the presence of the induced component. This effect has also been reported in the excitation of common peroneal nerve during transcranial magnetic stimulation (Thompson & Stein, 2004) .
(d) Sensory effects of ES: it is likely that the hybrid activation not only directly elicited action potentials in motor axons, but also influenced the discharge of the motor neurons due to the sensory feedback associated with the ES-reflex response (Knash et al, 2003; Thompson & Stein, 2004) . The above-mentioned factors may thus provide an explanation to the non-additive properties between the volitional and induced torque components under hybrid muscle contraction, i.e., the torque is not the simple summation of its components (when each is acting alone). Hybrid activation of muscles, combining volitional and ES-assisted excitations, introduces a powerful rehabilitation tool for populations suffering from deficiencies and requiring muscle force augmentation, enabling dynamic enhancement of their muscles. Understanding the interactions between the factors involved in Hybrid muscle activation is crucial to determine the intensity ranges where the ES component is more effective for force enhancement and to indicate the optimal mode of hybrid activation. The computational method presented demonstrates the key role of the myoelectric signals in partitioning the overall total torque obtained in hybrid activation into its two activation components, volitional and ES-induced. The induced torque component was calculated as the difference between overall and volitional torque and, together with the ES intensity-torque calibration data, determined the required intensity profile of the stimulation required for muscle force augmentation. While the concept of hybrid activation was illustrated on the Tibialis Anterior muscle, it may be generalized to any other muscle. From the measured EMG it has been demonstrated how augmentation of the volitional torque can be computed at any given stimulation level. Conversely, the stimulation level can be indicated for a required force enhancement. The relationships between volitional, induced and overall torques provide the 'torque-lines' that can be used for the quantitative assessment of force enhancement in hybrid stimulation. The ability to predict the stimulation level required to achieve a given force augmentation enables us to better control, track, and analyze behavior and to provide the subject with a more customized, thus effective, treatment.
Conclusion
The role of electromyography in biomechanics and kinesiology was presented here in the context of redundancies of the neuro-muscular system. These redundancies introduce indeterminacies in the dynamic system, whereby the number of unknowns exceeds the number of available equations, hindering the possibilities to reach the actual physiological solution. It was shown that when redundancies are reduced, the system becomes less indeterminate and at cases it may become unequivocally soluble. It is in these cases where electromyographic data assume a crucial role.
Within the examples given to demonstrate the effects of reduced redundancy, it was shown that EMG data may resolve segment kinematics of the lower limb. This was demonstrated for the ankle joint through the combined activation of the ankle antagonist muscles. Further, the electromyograms were shown to provide indication about posture regulation through increased correlation with the externally measurable reactive forces, in cases of reduced redundancy through single stance standing or through fatiguing of part of the muscles.
Particularly, the results obtained have demonstrated that muscle fatigue evokes an increased correlation between the activity of the major muscles of the ankle and the sway related parameters, implying that higher levels in the nervous system become more unequivocally related to lower levels. The results thus obtained can serve for the detection of posture disorders in elderly populations or following spinal or lower limb injuries. The resulting activation modes of the muscles can serve as feasible activation modes in cases where functional electrical stimulation is used for the enhancement of muscle forces. The last example dealt with the information that EMG may provide to determine the effectiveness of hybrid activation of handicapped muscles.
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